DPC4 is known to mediate signals initiated by type ␤ transforming growth factor (TGF␤) as well as by other TGF␤ superfamily ligands such as activin and BMP (bone morphogenic proteins), but mutational surveys of such non-TGF␤ receptors have been negative to date. Here we describe the gene structure and novel somatic mutations of the activin type I receptor, ACVR1B, in pancreatic cancer. ACVR1B has not been described previously as a mutated tumor-suppressor gene.
DPC4 is known to mediate signals initiated by type ␤ transforming growth factor (TGF␤) as well as by other TGF␤ superfamily ligands such as activin and BMP (bone morphogenic proteins), but mutational surveys of such non-TGF␤ receptors have been negative to date. Here we describe the gene structure and novel somatic mutations of the activin type I receptor, ACVR1B, in pancreatic cancer. ACVR1B has not been described previously as a mutated tumor-suppressor gene. S mad4 (Dpc4͞Madh4) is a mediator of a tumor-suppressive signaling pathway initiated upon binding of the type ␤ transforming growth factor (TGF␤) ligands to its cell surface receptors and the subsequent phosphorylation of pathwayspecific Smad proteins (1, 2) . The genetic inactivation of the MADH4, MADH2, and TGF␤ receptor genes in human tumors has confirmed this pathway to be responsible for tumor suppression (3) (4) (5) (6) . Smad4 is also known to mediate signals initiated by other TGF␤ superfamily ligands such as activin and BMP (bone morphogenic proteins) (1), but mutational surveys of such non-TGF␤ receptors had been negative to date (6) . Studies of mutational patterns of known suppressor genes in pancreatic cancer and of the biological responsiveness of pancreatic cancer cells suggested the continued attractiveness of seeking additional mutational targets within these related pathways. Here, mutations of the activin type I receptor are described.
Materials and Methods
Tissue Samples and Cell Lines. Cancers of the pancreas and distal common bile duct resected at The Johns Hopkins Hospital between 1992 and 1997 were xenografted as described (7) . In addition, at the time of the surgery, resected normal duodenum was frozen and stored at Ϫ80°C. The breast cell line MDA-MB-468 and pancreatic cell lines Su86.86, CFPAC-1, AsPC-1, CaPan-1, CaPan-2, Panc1, MiaPaCa2, BxPC3, and Hs766T were purchased from American Type Culture Collection. Colo357 was obtained from the European Collection of Animal Cell Cultures. Pancreatic cell line PL45 was established in our laboratory (7) . DNA Analysis. Genomic DNA samples (40 ng per sample) were screened for homozygous deletions by PCR as described (7, 8) . Loss of heterozygosity (LOH) was determined by using three polymorphic markers. The criteria for LOH was previously described (8) . All samples that had LOH were subject to sequencing. Each exon was amplified by PCR from genomic DNA, treated with exonuclease I and shrimp alkaline phosphatase (United States Biochemical), and subjected to manual cycle-sequencing (ThermoSequenase, Amersham). Sequencing of the homozygous deletion junction and the MADH4 gene were done by an automated DNA sequencer (PE-Biosystems) and analyzed by SEQUENCHER software (Gene Codes Corporation).
DNA Constructs and Transfection Assay. p6SBE-luc was engineered by inserting six copies of the palindromic SBE (Smad-binding element) behind the minimal simian virus 40 promoter in the pGL3-promoter vector (9) (Promega). The MADH4 cDNA was subcloned into pcDNA3.1 (Invitrogen), resulting in pDPC4-WT (9) . Expression vectors containing active forms of the TSR-I (ALK1), ActR-I (ALK2), BMPR-1A (ALK3), ACVR1B (ALK4), TGFBR1 (ALK5), and BMPR-1B (ALK6) genes were gifts from Jeff Wrana (Univ. of Toronto). All are hemagglutinin-tagged cDNA sequences driven by the cytomegalovirus promoter. Constitutive activation is provided by acidic substitutions (Q to D in the GS domain of ALK1, -2, -3, and -6, and T to D at codon 206 of ALK4 and at codon 206 of ALK5) (10, 11) . Each transient transfection experiment was done in duplicate in six-well plates as described (9) . Lipofectamin (Life Technologies) was used as directed by the manufacturer. The DNA-Lipofectamin mixture was removed from cells after 4-5 h of transfection, and culture medium with or without 0.1 ng͞ml human recombinant TGF␤1 (Sigma) was then added to the cells. Sixteen to eighteen hours from the start of the transfection, cell lysates were prepared with Reporter Lysis Buffer (Promega) for luciferase and ␤-galactosidase assays. Luciferase was measured by using the Luciferase Assay System (Promega), and the ␤-galactosidase assay was performed as described (9) . All cultures within an experiment were transfected with the same total amount of plasmid; pcDNA3.1 parental expression vector was added as needed to equalize cotransfection of expression vectors.
Immunohistochemistry. Unstained 5-m sections were cut from the paraffin blocks and deparaffinized by using standard methods. Slides were processed and labeled with monoclonal antibody to Dpc4 (clone B8, Santa Cruz) as described (12) . Slides were reviewed by three of the authors (E.M., R.H.H., and S.E.K.) and recorded as positive or negative for both nuclear and cytoplasmic labeling as has been described (12) . Focal labeling was interpreted as positive. Stromal cells served as a positive control, and the primary antibody was omitted in negative controls. Pancreatic carcinomas with known Dpc4 genetic status were also included as positive and negative controls (12) .
Results
The Effects of Activated Acvr1b on Activation of an SBE Reporter. The underexpression of TGF␤ receptors is common among pancreatic cancers, but the genetic structure and expression of the receptor-activated MADH genes (Smads 1-3) is intact in these cells (13, 14) . Therefore, to bypass any receptor defects, we chose to compare the relative levels of Smad4 nuclear localization achieved by transfection of constitutively active forms of the TSR-I (ALK1), ActR-I (ALK2), BMPR-1A (ALK3), ACVR1B (ALK4), TGFBR1 (ALK5), and BMPR-1B (ALK6) genes (10, 11, 15, 16) . We used the SBE reporter, which expresses upon the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
nuclear localization of Smad4 (17), a common feature of all Smad-mediated signal transduction studied to date (9) . The activated Acvr1b and Tgfbr1 receptors caused efficient transcription from the SBE reporter in Panc-1 pancreas cancer cells (Fig. 1) . Other activated receptors induced less than 2-fold responses under the same conditions (data not shown). This Acvr1b-and Tgfbr1-induced activation of the SBE reporter was absent in MDA-MB-468 cells that lack Smad4 (ref. 18 and data not shown). We also studied the ability of pancreatic cancer cells to respond to hormones that are present in high amounts within pancreatic parenchyma, at levels approaching 100 times that of peripheral blood, and others, including insulin, VIP, somatostatin, glucagon, epidermal growth factor, estradiol, hydrocortisone, progesterone, pancreatic polypeptide, and secretin. No hormone-induced Smad activation was observed in Panc-1 cells that contained a stably integrated SBE reporter (ref. 19 and data not shown). These cells used with equal efficiency the TGF␤-and activin-receptor signals, but not the other signaling systems tested, to activate the SBE reporter.
Somatic Mutations of ACVR1B in Pancreatic Adenocarcinomas. The activin type I receptor, ACVR1B, is located on human chromosome 12q13. It had not been studied for mutations, despite the strong structural and functional similarities of the activin and TGF␤ receptors. We determined the genomic structure of ACVR1B through the sequencing of PAC clones and a BLASTN search of the National Center for Biotechnology Information (NCBI) Database (http:͞͞www.ncbi.nlm.nih-.gov:80͞BLAST͞). Two unordered sequences were found to contain ACVR1B sequences (GenBank entries AC019244 and AC025259). ACVR1B comprises 9 exons and spans over 23 kb (Fig. 2) . The size of the intron between exons 1 and 2 remains unresolved. We screened for homozygous deletions among 95 pancreatic adenocarcinoma xenografts by using primers specific for exons 2, 5, and 8. A homozygous deletion of 657 bp, including the entire exon 8 of ACVR1B, was detected in xenograft PX226 (also producing a frame-shift if splicing of exons 7 to 9 were to occur) ( Fig. 3a and Table 1 ). The mutation was somatic and was verified by the study of genomic DNA of the normal tissue and primary cancer specimens of the patient (Fig. 3a) . The precise structure of the deletion was determined by sequencing across the deletion in the xenograft tumor (Fig.  3 a and b) . The deletion appeared to be a result of slippage during DNA replication that occurred at a 4-nt repeated sequence (5Ј-ggct-3Ј) (Fig. 3b) . The panel of pancreatic cancer xenografts was further analyzed for LOH and intragenic mutations. , and 11 from a second patient, lanes 2, 7, and 12 from the patient of PX226), the xenograft PX226 (X; lanes 3, 8, and 13), the primary cancer of the patient (C; lanes 4, 9, and 14), and a negative control lacking template (-; lanes 5, 10, and 15) using three primer sets. Gene segments are numbered according to a published ACVR1B sequence (GenBank entry L31848). (b) Genomic PCR products were sequenced with a nested primer. The size of the deletion was determined according to the most current sequences of the ACVR1B gene (GenBank entry AC019244). (c) Genomic PCR products of the MADH4 locus from the xenograft PX226 and its corresponding normal were sequenced with a nested primer. The nonsense mutation was confirmed in the primary cancer of the patient (data not shown).
LOH involving the ACVR1B locus was determined with the polymorphic markers D12S368, D12S390, and D12S359. LOH was found in 29 of the 85 pancreatic cancer xenografts (34%) and in 5 of the 11 pancreatic cancer cell lines (45%). All coding sequences and splice junctions of the ACVR1B gene (except exon 1, which was incompletely studied because of its high GC content) in the 34 selected cancers exhibiting LOH were then sequenced. A 5-bp deletion that would cause a frame-shift and early termination of protein translation was detected in xenograft PX224 ( Table 1 ). The mutation was somatic and was confirmed in the corresponding primary cancer tissue from the patient. Both mutations eliminated part of the kinase domain of Acvr1b (20) . The cytoplasmic kinase domains of Tgfbr1 and Tgfbr2 (the TGF␤ receptors types I and II, respectively) are both required in efficient TGF␤ signal transduction (21) , and Acvr1b is expected to function similarly.
Coexistent Mutations of ACVR1B and MADH4 in Pancreatic Adenocar-
cinomas. The primary tumors of PX224 and PX226, which harbored an inactivated ACVR1B gene, were examined immunohistochemically for their Madh4 status. The samples were immunohistochemically negative for Smad4͞Dpc4͞Mahd4 expression in the neoplastic cells of the tumors (Fig. 4 b and c) . Sequencing analysis of the MADH4 gene revealed a nonsense mutation in the exon 5 (codon 245) of the MADH4 gene in PX226 (Fig. 3c) . The somatic mutation was confirmed in the primary tumor of the patient (data not shown). Neither homozygous deletions nor LOH were detected at the TGFBR1 and TGFBR2 genes of these two samples (6) , suggesting that the MADH4 inactivation of these two tumors may have served as the means to ablate the TGF␤ pathway.
Discussion
Here we provide the first genetic evidence from human tumors to support ACVR1B as a tumor-suppressor gene. The identification of signaling pathways that link known oncogenes and tumor-suppressor genes has been a major accomplishment of cancer research. Because the mutations observed are determined by selective pressures, tumor mutations in regulatory pathways are often seen to be reciprocal, i.e., human neoplasms as a rule have activation or inactivation of one, but not more than one, member of certain regulatory pathways. Such examples include the MDM2͞p53, the APC͞␤-catenin, and the p16 INK4 ͞ CDK4͞RB1 pathway relationships (22) (23) (24) (25) . Multiple considerations, however, had supported a combined input (rather than linear) model for Smad4 tumor-suppression in pancreatic cancer. First, pancreatic cancer arises from an intraductal precursor, PanIN (pancreatic intraepithelial neoplasia), and loss of Smad4 expression is restricted to PanIN-3, the most advanced stage before invasion (26) . Second, reports suggest that the inactivation of a TGF␤ receptor is not reciprocal with that of MADH4, because some tumors are known to have genetically inactivated both members (6, 27) . These findings would fit with the expectations of a combined input model, which could rationalize the observed coexistence of genetic inactivations of these genes. We therefore re-examined the ability of these branches to contribute signals that would be mediated by the MADH4 gene in pancreatic cancers. We searched for such mutations in tumors having intact and those with disrupted MADH4 genes. The coexistence of ALK4 and MADH4 inactivation in two pancreatic adenocarcinomas thus fits well with prior evidence from human tumors regarding mutations in the TGF␤ superfamily͞Smad system.
These results lead us to propose that during the early stages of pancreatic tumorigenesis, in neoplastic clones still harboring a functional MADH4 gene, mutations or expression defects that The low frequency of mutations observed in the TGFBR1, TGFBR2, and ACVR1B genes might be a reciprocal manifestation of the high frequency of expression defects that affect the TGF␤ receptors (14) . In contrast, the incompleteness of the expression defects and the multiplicity of tumor-suppressive inputs to MADH4 would leave a considerable role for MADH4 in continuing to mediate tumor suppression. Such a role would account for the eventual loss of MADH4 in late-stage PanIN-3, and subsequently a rapid evolution to the invasive and extremely lethal stage, that of pancreatic carcinoma.
The parallel contributions of ACVR1B and TGFBR1 signaling pathway in tumor suppression also raise interest in the activin pathway as a legitimate target for cancer therapy. Early pancreatic neoplasia or other tumor types that share the high frequency of TGF␤-unresponsiveness but low frequency of MADH4 mutations may benefit from stimulation of activin-induced tumor suppression. Activin administration to certain cancer cell lines is known to cause apoptotic and other suppressive effects (28, 29) . 
